Construction waste is a major source of urban waste received at many landfill sites around the world. A number of waste management methods have been in use to deal with the substantial amounts of various kinds of construction waste in order to relieve the heavy waste burden in many cities. To achieve sustainability in urban development, different waste management methods should be carefully examined taking into consideration various attributes, for example, financial cost, lost energy, and accessibility and reliability of technologies. In evaluating these attributes, some can be represented by numerical values while others expressed in linguistic variables due to the human being's inability to assess these complicated attributes. The utility-based model proposed in this paper enables computing with words without much loss of information, overcomes the gap between numerical values and linguistic description, employs utility functions to transform multiple scales of different attributes into a common scale for easy comparison, and finally chooses the appropriate waste management methods for different kinds of construction waste.
INTRODUCTION
Construction and demolition waste (referred to as "construction waste" in general this paper) is drawing more and more attention from various shareholders due to the fact that it usually comprises 10~30% of total waste received at many landfill sites around the world. Currently, many countries are suffering substantial amounts of construction waste although they are quite different in economic, social and cultural aspects. In developed countries and regions, for example, in Japan, 20% of the total waste came from the construction industry in 2003 (Japanese Ministry of Environment 2005a) and 70% of illegal waste dumping was related to construction activities in 2004 (Japanese Ministry of Environment 2005b). In Hong Kong, construction waste accounts for 30~40% of the total waste (Hong Kong Special Administrative Region 2010; Hao et al. 2008 ). In the Europe Union, construction waste is 30% of the total waste (European Commission 2010). In the USA, construction waste constitutes 29% of the total solid waste and 35% of the landfill space is taken up by construction waste (Kofoworola and Gheewala 2009) . In developing countries, taking Mainland China as an example, construction waste constitutes 30~40% of the total waste and is increasing quickly due to rapid urbanization and ever-increasing population (Zhao et al. 2008) . It can be seen that construction waste is such an urgent issue and thus should be treated in a sustainable manner in the urbanization process.
For each construction waste stream, a number of construction waste management methods have been in use with different objectives, equipment, handling processes, and final products. For example, methods such as grinding to power, polishing, crushing into aggregate, and burning to ash could be taken to manage glass waste . To address construction waste in a sustainable manner, a suitable method should be chosen from the alternatives by evaluating their sustainable attributes. Sustainable attributes refer to those attributes that contribute to sustainable development and balance the environmental, economic, and social aspects. Specially, environmental attributes assess the environmental consequences of a particular waste management method. Economic attributes are concerned with the monetary benefit or cost incurred in dealing with specific construction waste. Social attributes indicate social impacts, e.g., improving the quality of life and employment.
Some attributes are evaluated in precise values while others described by linguistic variables considering human beings' inability to assess complicated attributes precisely in a quantitative form. A methodology for selecting the waste management method should be able to:
(1) Overcome the gap between linguistic and numerical assessments; (2) Normalize the scales of different attributes; and (3) Aggregate the assessments of different attributes based on their relationships.
The rest of this paper is arranged as follows. The basic concepts of multi-attribute decision making (MADM) and 2-tuple fuzzy linguistic representation model are presented in Section 2; major construction waste streams and waste management practices are discussed in Section 3; sustainable attributes, their measurements, and prioritization are shown in Section 4; utility-based linguistic and numerical assessments are presented in Section 5; a prioritized MADM approach to the selection of the construction waste management method is proposed in Section 6; and finally conclusions are drawn in Section 7.
PRELIMINARIES

Multi-Attribute Decision Making
A typical MADM problem involves (1) a set of alternatives A={A 1 ,…,A m ,…,A M }, (2) a set of attributes X={X 1 ,…,X n ,…,X N }, and (3) an assessment x n (A m ) for alternative A m on attribute X n . To obtain the favorite choice, an aggregation function F is used to fuse each x n (A m ) into an overall value Val(A m ) of alternative A m with respect to the attribute set X such that
The aggregation function F models the decision maker's imperative and individual preference for combining the attributes (Luo and Jennings 2007; Yager 2004) . Once extracting Val(A m ) for all the alternatives in A, the optimal alternative A * can be expressed as
To simplify the denotations, Val(A m ) and x n (A m ) are denoted by Val(·) and x n (·) respectively in the following sections.
2-Tuple Fuzzy Linguistic Representation Model
In order to avoid loss of information in computing with linguistic variables, Herrera and Martínez (2000) proposed a 2-tuple fuzzy linguistic representation model. Definition Let S = {s 0 , …, s i , …,s g } be a linguistic term set, and β∈ [0, g] be the result of a symbolic aggregation operation, then a 2-tuple that expresses the equivalent information to β is obtained with the following function:
where round(·) is the usual round operator; s i has the closest index label to β; and α is the value of the symbolic translation. ∆ denotes the mapping from the real number to a linguistic variable (∆:
where ∆ -1 denotes the mapping from the linguistic variable to a real number
The linguistic variables discussed in this paper have the same properties as those mentioned in Herrera and Martínez (2000) , i.e., they are equidistant and symmetric. Therefore, comparison of the linguistic 2-tuple can be indirectly made by comparing their corresponding β values: the larger the β is, the larger the linguistic 2-tuple.
CONSTRUCTION WASTE STREAMS AND THEIR MANAGEMENT
The main components of construction waste are similar in different countries, commonly including concrete, wood, metal, plastic, and glass. The composition of building waste in the USA includes concrete and mixed rubble (40~50%), wood (20~30%), drywall (5~15%), asphalt roofing (1~10%), metals (1~5%), bricks (1~5%), and plastics (1~5%) (EPA-US 2010). In Japan, there are two major building types: one is reinforced concrete (RC) apartment building and the other is wooden detached house (Seike and Akita 2008) . The main construction waste types of a typical RC apartment building are debris of concrete and mortar (140 tons, 91%), metal waste (8 tons, 5%), wooden waste (0.8 tons, 1%), plastic waste (0.7 tons, 0%), glass and ceramics waste (0.4 tons, 0%), and inorganic compound with cement (0.04 tons, 0%). The main construction waste types of a typical wooden detached house consists of debris of concrete and mortar (21 tons, 49%), glass and ceramics waste (10 tons, 22%), wooden waste (9 tons, 20%), metal waste (0.4 tons, 1%), plastic waste (0.1 tons, 0%), and inorganic compound with cement (0.04 tons, 0%). In Hong Kong, composition of construction wastes collected in South East New Territories landfill (one of the three landfills in Hong Kong) are metal, wood, plastic, paper, concrete, rock/rubble, sand/soil, and glass (Shen et al. 2009 ).
Construction waste management practices are also similar worldwide. A strategic hierarchy of the generalized waste management methods in a descending order of resource-saving and environment-friendliness (Peng et al. 1997 ) is reduction, reusing, recycling, compost, incineration, and landfill. Reduction is not applicable to dealing with the generated construction waste. In the other five methods, compost and incineration are usually considered as recovery. Typical recycling technologies for the five common waste compositions are listed in Table 1 . Roussat et al. (2009) listed eight sustainable attributes in choosing a suitable demolition waste management strategy for a specific building. Among these attributes, depletion of abiotic resources and financial cost of demolition are not relevant to this study as they are related to building demolition activities. Therefore, only the other six attributes (lost energy, global warming, release of harmful substances into environment, cost-benefit analysis, quality of life and employment) are considered. In addition, technology attributes, including technology reliability, technology accessibility and product quality, should be taken into consideration. As a result, a total of nine sustainable attributes are discussed in detail as follows.
Lost Energy (X 1 )
This attribute measures the lost energy between the initial construction product and the use of demolition waste. The underlying philosophies of typical waste management methods are discussed in the following (Roussat et al. 2009 ):
(1) Reuse. No energy is lost in reusing the construction waste in other ways excluding the energy associated with transportation. (2) Recycle. Only energy used in the recycling process is lost. (3) Recover. Lost energy is the sum of the embodied energy of the waste and the energy consumed in the recovery of the waste, reduced by the energy required to make the same new product with natural raw materials (without the use of waste). (4) Landfill. All the embodied energy of the waste is lost.
Global Warming (X 2 )
This attribute is a balance of greenhouse gases in kilograms of CO 2 -equvalent for the life cycle of each building element. The same philosophy used to measure the lost energy can be used to measure the balance of greenhouse gases.
Release of Harmful Substances into Environment (X 3 )
This attribute indicates whether a construction stream or a recycling process emits harmful substances into the environment. The harmful substances could refer to the toxic substances defined in the waste catalog in Europe (EPA-EU 2002) and expressed in numerical values.
Technology Reliability (X 4 )
Various technologies are used to deal with construction waste and reliability is of great concern in applying these technologies. Reliability is often evaluated in precise value based on the probability theory. However, it is difficult to calculate reliability due to a large number of design variables. As a result, the reliability of technologies in a specific waste management method is expressed in linguistic variables.
Technology Accessibility (X 5 )
Accessibility is the extent to which one specific technology can be used as many times as possible and the degree to which one can employ this technology for processing construction waste. The accessibility of technologies is also evaluated in linguistic variables.
Product Quality (X 6 )
Product quality is of great concern since it directly influences the satisfaction of consumers. Quality is measured by the degree of conformance to predetermined specifications and standards, and deviations from these standards can lead to poor quality and low reliability. This attribute is assessed in linguistic variables.
Cost-Benefit Analysis (X 7 )
The cost-benefit analysis of a construction waste management method is evaluated in local currency as a numerical value. This is summarized as follows:
(1) Reuse. The financial benefit is the market value of the reused material while the financial cost is the material sorting cost. (2) Recycle. The financial benefit is the market value of the recycled products while the financial cost is the investment in recycling facilities and waste sorting cost. (3) Recover. The financial benefit is the market value of new products while the financial cost is the investment in the recovery facilities and the sorting cost. (4) Landfill. These is no financial benefit while the financial cost is the landfill charging cost.
Quality of Life (X 8 )
Construction waste management methods and technologies have direct influence on the quality of life in the neighborhood. For example, the factories produce secondary materials with noise, and landfills occupy the origin land. This attribute is assessed in linguistic variables.
Employment (X 9 )
This attribute means the number of jobs created in industry associated with waste management. This attribute is measured in numerical values.
Prioritized Structure of Sustainable Attributes
To aggregate the performance of all aforementioned attributes, the structure of sustainable attributes needs to be carefully examined. With the increasing concern on environmental issues, decision makers are reluctant to sacrifice the satisfaction of environmental attributes for a gain in economic attributes unless some minimal level has been obtained in the satisfaction of environmental attributes. A concept that reflects this kind of relationship between different attributes is priority. The sustainable attributes should reflect decision maker's preference and it is necessary to find the priority relationship between these attributes. In this paper, a weakly ordered structure (i.e., more than one attribute in the same priority level) could be used to model the relationship between different attributes.
In this paper, it is assumed that the sustainable attributes of interest are partitioned into three exclusive priority levels as shown in Table 2 , that is, {H 1 , H 2 , H 3 }. The priority level is defined as
, where " f " means "prefer to". Based on Table 2 , the decision maker regards "release of harmful substances", "technology accessibility", and "cost-benefit analysis" with the highest priority. Besides the three attributes with the highest priority, "lost energy", "global warming", and "quality of life" have the priority over other attributes. 
UTILITY-BASED PERFORMANCE OF DIFFERENT ATTRIBUTES
Given that different attributes are assessed by either linguistic or numerical values, the scales must be transformed into a common one for comparison between different waste management methods. To overcome the gaps between different scales, each attribute is represented by a utility function so that the performance of all attributes could be compared using a unique scale. The methodology to develop the utility function of each attribute is summarized as follows (Dozzi et al. 1996): (1) Specify the range for each attribute, upper and lower limits ( The threshold point of each attribute represents the point of neutral desirability and the most preferred point indicates the best possible value for the specific attribute (Dozzi et al. 1996) . Specially, the most preferred value could be obtained by the maximum value of all alternatives with respect to the attribute [ )) ( max( ⋅ = 
where u n (x n (·)) is the utility of one specific assessment x n (·) and a n and b n are two constants for the utility function with respect to attribute X n .
The utility function could be applied for both numerical and linguistic assessments. For the case of numerical assessment, it is easy to calculate the corresponding utility values by substituting the two points (the threshold point and the most preferred point) into Eq. (5) and obtaining the two constants. For the case of linguistic variables, it is practical to first transform the linguistic assessment into the corresponding β values.
The β values could be employed for solving the equation and getting the two corresponding constants.
6 PRIORITIZED MADM METHODLOGY 6.1 Weights Determination for Ordered Weighted Averaging Operator Yager (1988) introduced the concept of ordered weighted averaging (OWA) operators, which provide a parameterized class of mean type aggregation operators. In a linguistic environment that is lack of weights information, Yager (1988 and 1993) suggested using a non-decreasing proportional fuzzy linguistic quantifier Q to obtain OWA weights: 
and a, b∈[0,1].
Utility-Based Prioritized OWA Operator
To aggregate the utility-based satisfaction, a prioritized OWA operator can be calculated in the following steps: (1) Calculate the satisfaction value of each priority level by assigning linguistic quantifiers to different levels. The satisfaction of each priority level needs to fuse the satisfaction values of all the attributes in the same priority level and consider the weights determination (fuzzy linguistic quantifiers). The utility values of the attributes in the same priority level need to be arranged in the descending order of the satisfaction degree, for example, the ordered utility value for the highest level {x 3 (·)=0.2, x 5 (·)=0.8, x 7 (·)=0.5} will be {x 5 (·)=0.8, x 7 (·)=0.5, x 3 (·)=0.2}. Given that the weight is w 1 =0.8, w 2 =0.2, and w 3 =0, the overall satisfaction of the priority is 0.74. (2) Obtain the priority weight for each priority level based on the satisfaction values of all the higher priority level. The lower priority attributes become more important with the higher satisfaction values of attributes in higher priority levels, that is, the priority weight of a priority level is dependent upon the satisfaction values of the attributes at higher priority levels. In light of this, the priority weight pw v of the v-th priority level is modeled by product t-norm, namely, the product of the satisfaction of all the higher priority level. So the priority weight of the second priority level is 0.74.
(3) Aggregate all the satisfaction values of different priority levels to get the overall satisfaction value of the alternative. The overall satisfaction value is the summation of the satisfaction values of all the priority level.
CONCLUSIONS
For each construction waste stream, alternative construction waste management methods can be used with different purposes and different final products. An appropriate method should be chosen for each construction waste stream with respect to a number of sustainable attributes including lost energy, global warming, release of harmful substances into the environment, technology reliability, technology accessibility, product quality, cost-benefit analysis, quality of life, and employment. Among these sustainable attributes, some can be evaluated in precise values while others are described in linguistic variables. A 2-tuple fuzzy linguistic representation model is utilized to avoid loss of information in computing with linguistic variables. In addition, utility-based performance normalization is applied to transform different scales into a common one for comparison. In view of the weakly ordered structure between different sustainable attributes, a prioritized MADM operator is adopted to fuse the numerical and linguistic assessment values.
